Background: Complete radial tears near the medial meniscus posterior root attachment site disrupt the circumferential integrity of the meniscus (similar to a posterior root avulsion). These tears can compromise the circumferential integrity, and they have been reported in biomechanical studies to be comparable with the meniscectomized state.
paramount to long-term joint health and is not effectively achieved through meniscectomy alone. 6, 12, 20 Acute radial tears millimeters from the posterior root attachment site leave a gap that is difficult to repair, 15, 16 and most cases are treated with partial meniscectomies, which have been reported to often lead to medial compartment arthritis. 4, 19 Some authors have described a pull-out repair technique for these types of injuries, but it is unclear what effect this different anchoring point of the posterior root will have on joint loading profiles. 1, 7 The in situ pull-out repair technique involves using sutures pulled through a bone tunnel to reanchor the medial meniscus to the tibial plateau at the site of the radial tear.
The purpose of this study was to assess changes in tibiofemoral contact pressure and area after posterior horn radial tears at various distances from the medial meniscus root. This included an assessment of these changes after an in situ pull-out repair of the meniscus at varying distances from the root attachment site. The contact mechanics were assessed at various distances from the posterior root attachment of the radial tears and in situ repairs. Results were compared with the loading profiles associated with an intact medial meniscus at knee flexion angles of 0°, 30°, 45°, 60°, and 90°. We hypothesized that a radial tear of the medial meniscus posterior horn near the root attachment site would result in increased tibiofemoral contact pressure and decreased contact area. We also hypothesized that an in situ pull-out repair for radial tears at 3 mm, 6 mm, and 9 mm from the root attachment would decrease tibiofemoral contact pressure and increase contact area compared with the avulsed state.
MATERIALS AND METHODS

Specimen Preparation
We used 6 nonpaired fresh-frozen cadaveric knees with an average age of 56 years (range, 46-74 years) and with no gross findings of cartilage degeneration beyond the Outerbridge 1 classification or meniscus injury. 12 Knees were stripped of skin, subcutaneous tissue, muscle, tendon, and patella, retaining the cruciate and collateral ligaments. The femur, tibia, and fibula were transected approximately 20 cm proximal and distal to the joint line and potted in a cylindrical mold filled with poly-methyl methacrylate (Fricke Dental International Inc, Streamwood, Illinois) with the tibial plateau oriented parallel to the testing surface.
Two parallel tunnels were drilled transversely through the femur, and the origins of the collateral ligaments were avoided. Rods passing through these tunnels were used to secure the specimens in a custom-made jig with the distal tunnel (10 mm diameter) acting as the loadbearing site and pivot point and the proximal tunnel (7 mm diameter) acting to select and maintain the angle of knee flexion. A medial femoral condyle osteotomy was performed to facilitate medial compartment access to create the different meniscus conditions ( Figure 1 ). 14 Osteotomy and incision into the coronary ligaments have been previously reported to have no effect on the tibiofemoral load-bearing characteristics of the knee. 14 These authors demonstrated this by using Fuji film to measure tibiofemoral pressure and area of intact cadaveric knees. 14 They found no changes to these parameters after osteotomy and incision of the coronary ligaments in the cadaveric specimens. 14 This osteotomy allowed for insertion of the pressure sensors without any damage to them. Incisions were made in the anterior and posterior portion of the meniscotibial ligaments to allow for placement of a knee pressure sensor (Tekscan Model 4000, South Boston, Massachusetts) under the medial and lateral menisci. 5 The size of the incision corresponded to the sensor size, and the incision was not repaired after sensor insertion. 5, 14 A new pressure sensor was used for each knee and was carefully equilibrated and calibrated according to the manufacturer's guidelines for each specimen. These sensors were attached with 2 double-loaded suture anchors to secure the tabs of the sensor to the anterior and posterior aspects of the tibia to ensure that the pressure sensors remained in a consistent position between each trial. The knee was sprayed with saline solution to prevent desiccation of the tissues throughout the 5-hour testing period.
The osteotomy was then anatomically reattached by placing a hollow 10-mm-diameter metal tube from medial to lateral through the pivot tunnel that traversed the femur. A 6-mm-diameter reamer was used to make an additional tunnel in parallel across the femoral osteotomy site through which a threaded bolt and nut were inserted to secure the osteotomy ( Figure 1 ). The femur was secured into a custom-made jig attached to the actuator of a dynamic tensile testing machine (Instron E10000, Norwood, Massachusetts) by passing a metal rod through the tube in the tunnel at the pivot axis of the femur. The potted tibia and fibula were clamped in place onto a custom-made pivot table that allowed for freedom of translation, rotation, and operator control of varus/valgus alignment (Figure 2 ). Adjustments of varus or valgus angulation were made while the axial load on the knee was ramped up, with the goal of centering the real-time mean load indicator on the Tekscan software, which allowed for an even distribution of load between the arms of the sensor. In this manner, we were able to ensure an even distribution of load to the medial and lateral compartments when the 1000-N axial load was reached. This procedure ensured that pressure effects in the compartments were not overestimated or underestimated because of varus/valgus malalignment related to subtle inconsistencies in the placement of the pivot axis of the femur.
The knees were tested through a stepwise process characterized by different testing conditions performed on the medial meniscus while the lateral meniscus was left intact. There were nine meniscus test conditions for each knee: (1) intact medial meniscus (control group); (2) posterior root tear of the medial meniscus (root avulsion group); (3) anatomic repair of posterior root avulsion (anatomic root repair group); (4, 6, 8) simulated posterior horn radial tear performed successively at 3 mm, 6 mm, and 9 mm from the root attachment site (radial tear group); and (5, 7, 9) in situ pull-out repair of the radial tears performed at 3 mm, 6 mm, and 9 mm from the root attachment site (in situ pull-out repair group). In situ pull-out repairs followed each radial tear condition.
Before testing of each knee, the precise posterior root attachment site of the medial meniscus was identified. The locations for radial tears at 3, 6, and 9 mm from the root attachment were measured and marked. The meniscocapsular junction was identified and served as the posterior boundary for the radial tears. A scalpel was used to simulate the posterior root avulsion and radial tears of the medial meniscus, resulting in a complete sectioning of the meniscus. The root avulsion repair and in situ pull-out repairs were performed with a transosseous pullout suture technique as described in human subjects. 1 First, two No. 2 nonabsorbable sutures were passed in a horizontal fashion 2 mm from the incised edge of the medial meniscus root. Next, an eyelet pin was driven from the centroid of the root attachment site out the anteromedial tibial surface and was used to pull the sutures through the tibia, which were tied over a button to reconstitute the posterior anchor of the medial meniscus. This technique was repeated after each radial tear, but the eyelet pin was placed at 3 mm ( Figure 3 ), 6 mm, and 9 mm from the root attachment site. The pull-out tunnel was placed on the superior surface of the tibial plateau and allowed for the posterior horn of the meniscus to rest in its normal location without being pulled off the posterior margin of the tibia. This process effectively moved the posterior root attachment site medially throughout testing, and it shortened the functional circumferential length of the meniscus. Efforts were made to approximate the native tension of the meniscus when the sutures were tied.
Biomechanical Testing
All specimens were tested by applying a 1000-N axial compressive load along the tibial axis for each of the above conditions at 5 different flexion angles of 0°, 30°, 45°, 60°, and 90°. Thus, each knee was successively taken through axial load testing and data collection at each degree of knee flexion (0°, 30°, 45°, 60°, and 90°) after each scenario, which resulted in 45 data points for each knee (9 meniscus conditions 3 5 flexion angles). The Tekscan software generated a contact pressure map for each knee (Figure 4 ) based on a 26 3 22 grid of sensels. Crinkling of the Tekscan, load saturation exceeding calibration, and damaged sensing elements occasionally contributed to erroneous load measurements during testing. The data set was adjusted with respect to the neighboring sensels to replace any erroneous measurements with an average of the surrounding rows and columns. 12 These changes accounted for less than 0.3% of the overall data collected.
Throughout testing, we measured a decrease in the pressure sensor amplitudes with a 0.98% decrease in mean total load for each of the 45 testing scenarios. This change in output presented as a steady, linear, negative decline. This linear regression of load output over time in saturated Tekscan pressure sensors has been previously described in similar testing conditions. 8
Statistical Analysis
One-way repeated-measures analyses of variance were performed at each flexion angle to detect the overall effect of meniscus condition on each of the 3 measurements (contact area, average contact pressure, and total load). The same analysis was performed when data were pooled over flexion angles to more succinctly interpret any phenomena discovered. When the overall meniscus condition effect was statistically significant, a set of 12 preplanned comparisons was made between the intact condition and each of the 8 subsequent states and between each of the 4 repair conditions and their corresponding tear conditions. The Benjamini-Hochberg method was used to control the false discovery rate for this set of comparisons. P values less than .05 were deemed statistically significant. Version 2.15.2 of the statistical computing program R (R Development Core Team, Vienna, Austria) was used for all analyses.
RESULTS
A summary of contact area and average contact pressure measurements for the intact menisci is presented in Table 3 ) in the medial compartment were significantly affected by meniscus condition at all flexion angles beyond 0°. The observed measurement variability was much higher for tests at 0°, likely making these tests underpowered to detect the meniscus condition effect.
There was no significant difference in total load in the medial compartment across meniscectomy conditions for any flexion angle. This confirmed that our axial load remained constant and the pressure sensors accurately recorded the total applied load.
Medial Compartment Contact Area
We proceeded with individual comparisons of meniscus conditions for results at 30°, 45°, 60°, and 90°of flexion. At each angle, the root avulsion and 3-, 6-, and 9-mm radial tears resulted in a significant reduction (33%-45% decrease) in medial compartment contact area (Table 2) . Meanwhile, all comparisons between repaired menisci and the intact meniscus were not significant except for the 9-mm repair tested at 60°of flexion. When pooled across all flexion angles and compared with the intact meniscus, average contact area in the medial compartment was significantly decreased by the root avulsion and complete radial tears at 3, 6, and 9 mm from the root ( Figure  5 ). No significant difference was detected between the contact areas of the in situ pull-out repair of the root avulsion and radial tears and the intact meniscus.
At all flexion angles beyond 0°, and for each tear location, in situ pull-out repairs produced an increase in medial contact area compared with the corresponding tear condition. Magnitudes of increase and P values for these comparisons are displayed in Table 4 . When pooled across flexion angles, significance was reached for repairs of the 3-and 6-mm radial tears ( Figure 5 ), increasing contact area by 53% and 48%, respectively.
Medial Compartment Contact Pressure
Individual comparisons of meniscus conditions were performed at 30°, 45°, 60°, and 90°of flexion. At each angle, the root avulsion and all radial tears resulted in a significant increase in average contact pressure (range, 46%-110%) when compared with the intact meniscus (Table  3) . For all angles beyond 0°, in situ pull-out repairs at each tear location restored average contact pressure to values statistically indistinguishable from the intact meniscus (range, 19% increase to 20% decrease). When pooled across all flexion angles and compared with the intact meniscus, average medial contact pressure was significantly increased by a root avulsion and complete radial tears at 3, 6, and 9 mm from the root ( Figure 6 ). No significant difference was detected between the average contact pressures of the in situ pull-out repair of the root avulsion and radial tears versus the intact meniscus.
Compared with the corresponding tear condition, the in situ pull-out repairs produced a reduction in medial compartment average contact pressure for all angles beyond 0°and for each tear location (Table 4 ). Significance was attained for all such decreases except for the repair of the 3-mm radial tear at 30°of flexion and the repair of the 9-mm radial tear at 60°of flexion.
Lateral Compartment Contact Area and Pressure
Meniscus condition was not significantly associated with change in contact area, average contact pressure, or total load in the lateral compartment for any of the tested flexion angles. Thus, no further investigation to compare individual conditions was required.
DISCUSSION
We confirmed our hypothesis and demonstrated that radial tears at 3 mm, 6 mm, and 9 mm from the posterior root attachment site of the medial meniscus significantly increased knee contact pressure and decreased overall contact area in the medial compartment of cadaveric knees compared with the intact state. The derangement in medial compartment biomechanics that was demonstrated for these radial tears was similar to that caused by a medial meniscus root avulsion. We also confirmed that an in situ repair of these radial tears restored the ability of the medial meniscus to absorb hoop stress and significantly decreased the contact pressure and increased the contact area of the medial compartment compared with each radial tear state. Both a root avulsion and a complete radial tear as far as 9 mm from the root caused a significant increase in medial compartment average contact pressures and decrease in contact areas. Repair of the root avulsion and in situ repair of the radial tears restored the ability of the medial meniscus to distribute load, and this finding was evidenced by medial compartment contact pressure and area that approximated the intact state for the repair groups.
We are not aware of any biomechanical studies evaluating the change in tibiofemoral contact mechanics after medial migration of the posterior root attachment site and subsequent shortening of the functional circumferential length of the medial meniscus. In a porcine model, Starke et al 22 reported that nonanatomic positioning of the root attachment had a significant effect on meniscus hoop tension. Their model demonstrated that lower levels of meniscus hoop tension caused increased cartilage deformation and indicated increased local stress. 22 By distinction, we made an effort in our model to keep meniscus tension constant by performing the in situ repairs at the precise location on the plateau where the radial tears were made. We recognize that preservation of the native meniscus tension is important and that decreased meniscus tension could impair the ability of the meniscus to absorb hoop stress. 21, 22 However, increased meniscus tension versus the intact state leads to increased stress on the repair site and may result in less successful repairs. In our model, we attempted to preserve the native meniscus tension by placing the tunnel for each repair on the superior surface of the tibia at the precise location of the radial tear and avoiding overtightening of our pull-out sutures. When the radial tear was created 3 mm from the root attachment, the tunnel for the corresponding in situ repair was also placed on the superior surface of the tibia under the substance of the posterior horn at a distance of 3 mm from the root attachment site. This resulted in shortening of the functional circumferential length of the meniscus with medial migration of the root attachment site.
Recent biomechanical studies have characterized the effect of a medial meniscus posterior root avulsion on joint mechanics. 2, 12, 16 Allaire et al 2 demonstrated that a posterior root tear of the medial meniscus caused a 25% increase in peak contact pressure in the medial compartment versus the intact state and was equivalent to a total meniscectomy. Other authors have demonstrated that loss of hoop tension in the case of a localized segmental meniscectomy was equivalent to a total meniscectomy in load-bearing terms. 12 In another biomechanical model, it was reported that avulsion of the medial meniscus posterior horn resulted in meniscus extrusion and abnormal joint loading resulting in increased contact pressures and decreased contact area. 16 Seitz et al 20 reported that a partial resection of radial tears, resulting in a localized segmental discontinuity of the posterior horn, resulted in significantly increased contact pressures for all knee flexion angles. These studies support the notion that intact circumferential fibers are paramount to the protective function of the meniscus.
Radial tears of the posterior horn of the medial meniscus have been reported to be fairly common. 3, 18 In a retrospective analysis of 345 consecutive knees undergoing arthroscopic medial meniscectomy, Bin et al 3 reported that 28% were radial tears at or near the root attachment. In their series, 37.5% of the radial tears were more than half of the meniscus width. 3 In a retrospective analysis of 7148 arthroscopic meniscus surgeries, the authors reported that 10% of the knees had a radial tear at or near the posterior root. 18 In both of these large series, the radial tears were treated with partial meniscectomy. We are aware of only 2 case reports that described a treatment for radial tears that reconstitutes a posterior anchor point with an arthroscopic pull-out technique. 1, 11 Although this approach would make intuitive sense, we set out to validate this clinical approach with our biomechanical model. Certainly, our results would suggest that radial tears up to 9 mm from the medial meniscus root attachment and extending to the meniscocapsular junction were equivalent to a root avulsion. We demonstrated that an in situ pull-out repair restored the protective function of the meniscus even though the functional circumferential length of the meniscus became shorter with each successive ''new'' anchor point.
We recognize some limitations to our study. We desired to develop a model that approximated the in vivo situation so that clinically relevant conclusions could be made. Our model used an axial loading scheme, and this scenario is an oversimplification of the conditions in the human knee. However, we expect that more complex loading conditions would only enhance the observed biomechanical effect. Another limitation is that these tests were conducted at time zero and our model was not able to assess the potential for the meniscus to heal over time after the in situ repair has been completed. In situ repairs would be subject to cyclic loading in the postoperative period, and this could affect the potential for healing. The sequential testing protocol must be considered when one is interpreting the results of this study. Tears and corresponding repairs were made sequentially with increasing distance from the posterior root attachment within the same specimen. The later test conditions were unavoidably affected by any residual changes of the preceding conditions, an inherent limitation of testing multiple conditions on one specimen. However, this testing protocol allowed for reproducible evaluation of meniscus tears at varying distances from the posterior root and effectively demonstrated the time zero effect of medial meniscus radial tears and in situ repairs on knee contact mechanics. The Tekscan system also introduced potential limitations to data accuracy related to crinkling of the sensors, load saturation exceeding calibration, sensor output changes related to liquid exposure, and damaged sensing elements. Furthermore, our method required invasive access to the medial compartment for Tekscan insertion. However, other authors have not reported this to be detrimental in biomechanical models. 12, 14 
CONCLUSION
Our results highlight the importance of an intact posterior root of the medial meniscus and confirm that posterior horn radial tears extending to the meniscocapsular junction have biomechanical consequences similar to those encountered with a medial meniscus posterior root avulsion. Our findings demonstrate that repair of these radial tears with an in situ pull-out technique restores the loading profiles of the medial compartment, even though these repairs effectively move the posterior anchoring point to a more medial position and shorten the functional circumferential length of the meniscus. These conclusions were reached with a cadaver model; hence, caution should be used when applying this rationale to a clinical population. Nevertheless, we believe that partial meniscectomy as a treatment for posterior horn radial tears has the potential to disrupt the remaining circumferential fibers of the meniscus and result in a segmental discontinuity that would impair the ability of the meniscus to absorb hoop stress. Our results suggest that reanchoring the posterior horn in patients with complete radial tears would have a favorable biomechanical effect on the knee. This repair technique offers an alternative treatment to meniscectomy for these types of injuries and may offer a better meniscus healing environment than end-to-end repair. Further refinement of the surgical technique and clinical investigations of this treatment rationale are recommended.
